Skeletal muscle fibre transitions occur in many biological processes, in response to alterations in neuromuscular activity, in muscular disorders, during age-induced muscle wasting and in myogenesis. It was therefore of interest to perform a comprehensive proteomic profiling of muscle transformation. Chronic low-frequency stimulation of the rabbit tibialis anterior muscle represents an established model system for studying the response of fast fibres to enhanced neuromuscular activity under conditions of maximum activation. We have conducted a DIGE analysis of unstimulated control specimens versus 14-and 60-day conditioned muscles. A differential expression pattern was observed for 41 protein species with 29 increased and 12 decreased muscle proteins. Identified classes of proteins that are changed during the fast-to-slow transition process belong to the contractile machinery, ion homeostasis, excitation-contraction coupling, capillarization, metabolism and stress response. Results from immunoblotting agreed with the conversion of the metabolic, regulatory and contractile molecular apparatus to support muscle fibres with slower twitch characteristics. Besides confirming established muscle elements as reliable transition markers, this proteomics-based study has established the actin-binding protein cofilin-2 and the endothelial marker transgelin as novel biomarkers for evaluating muscle transformation.
Introduction
One of the major aims of modern physiology and biochemistry is to understand the integrated function of complex biological systems. The study of skeletal muscle fibers represents an especially challenging area of biological research due to the enormous cellular plasticity of this type of tissue [1] [2] [3] [4] . Conventional molecular biological and biochemical methods, traditionally used to investigate physiological mechanisms, are often limited to studying only a few selected genes or proteins. In contrast, the emergence of high-throughput genomics and proteomics methods has opened up new possibilities for more comprehensive approaches of determining biological processes [5, 6] . MSbased proteomics technologies promise to be extremely useful in the global cataloguing and quantifying of individual protein species. The proteomics of cardiac muscle is an excellent example of a new protein biochemical field that has made enormous progress [7] , since detailed heart protein reference maps are now available [8] . Due to its more heterogeneous nature, the proteomic profiling of skeletal muscle fibres is still in its infancy, but has already made sub-stantial contributions to our general understanding of basic and applied myology. Recent studies have successfully cataloged the skeletal muscle proteome from various animal species [9] [10] [11] [12] [13] [14] , determined global differences in protein expression between predominantly slow-versus fast-twitching fibres [15] [16] [17] [18] , and have identified novel marker proteins of muscle growth [19] , myoblast differentiation [20] , neonatal fibre necrosis [18] , hypertrophy [21] , muscular dystrophy [22] [23] [24] [25] [26] , dysferlinopathy [27] , immobilization-induced atrophy [28, 29] and ageing-induced sarcopenia [30] [31] [32] [33] [34] . In analogy, based on the findings of an initial proteomic analysis of the fast-to-slow fibre transformation process using a conventional nonfluorescent method [35] , this report describes the detailed DIGE analysis of the differential expression of the fast skeletal muscle proteome following chronic low-frequency stimulation.
Skeletal muscle plasticity plays a central role in the adaptive response to changed physiological demands [2] . Predominantly fast-twitching muscle fibers convert to slower fibers in response to enhanced neuromuscular activity [4] , whereby muscle conditioning has been instrumental for the development of alternative biomedical treatments such as dynamic cardiomyopathy [36] , as well as the enhancement of our biological understanding of tissue transdifferentiation [37] . Chronic electrostimulation of fast muscles results in an improved resistance to fatigue, which is reflected physiologically by an increase in the time-topeak twitch tension and half-relaxation time [38] . An elevation of aerobic-oxidative capacity, decreased fibre calibre and changes in the density of distinct muscle proteins, switches in isoform expression patterns and alterations in proteinprotein interactions are established biochemical and cell biological hallmarks of transformed skeletal muscles. This includes: (i) metabolic pathways such as the citric acid cycle, fatty acid oxidation and the respiratory chain which causes a drastic increase in enzymes of aerobic substrate oxidation [39, 40] , (ii) the contractile apparatus that undergoes a stepwise replacement of myosin light and heavy chains from fast isoforms to their slower counterparts [41, 42] , (iii) the ion-regulatory machinery of the excitation-contractionrelaxation cycle with a shift from fast to slower isoforms with respect to the SERCA-type Ca 21 -ATPases, the voltagesensing dihydropyridine receptor, the ryanodine receptor Ca 21 -release channel and various Ca 21 -binding proteins [43, 44] , (iv) the neuromuscular junction with distinct changes in the acetylcholinesterase and the nicotinic acetylcholine receptor [45, 46] and, (v) a decrease in the supramolecular interaction pattern between Ca
21
-regulatory proteins of the sarcoplasmic reticulum [47] .
Here, we have investigated the muscle adaptation process in response to enhanced neuromuscular activity by MSbased proteomics, which has resulted in the identification of a number of new biological markers of the fast-to-slow transition process, such as cofilin-2 and transgelin. In the longterm, the detailed cell biological and physiological characterization of the role of these muscle proteins in fibre transdifferentiation may improve diagnostic procedures and/or the design of future strategies to treat muscle pathologies that involve fibre transformation.
Material and methods

Materials
CyDye DIGE fluor minimal dyes Cy2, Cy3 and Cy5, electrophoresis grade chemicals, IPG strips of pH 3-10 and IPG buffer of pH 3-10 for IEF and ACN were purchased from GE Healthcare (Little Chalfont, Bucks, UK). For peptide generation, sequencing grade-modified trypsin was obtained from Promega (Madison, WI). Ultrapure Protogel acrylamide stock solutions were from National Diagnostics (Atlanta, GA). Primary antibodies were from Affinity Bioreagents, Golden, CO (mAb IIH11 to the fast SERCA1 isoform of the Ca 21 -ATPase; mAb IID8 to the slow SERCA 2 isoform of the Ca 21 -ATPase), Sigma, Dorset, UK (mAb MY-32 to the fast MHC f isoforms IIA, IIB, IID of the myosin heavy chain (MHC); mAb NOQ7.54D to the slow MHC s isoform of the MHC), Abcam, Cambridge, UK (pAb ab14133 to cofilin-2; pAb ab11061 to aB-crystallin; mAb ab21128-9F3 to cardiac fatty acid binding protein FABP-3) and Everest Biotech, Upper Heyford, Oxfordshire, UK (pAb EB06281 to transgelin/SM22-alpha). Peroxidase-conjugated secondary antibodies were purchased from Chemicon International (Temecula, CA, USA). Protease inhibitors, Immobilon NC membranes and chemiluminescence substrates were purchased from Roche Diagnostics (Mannheim, Germany) and Pierce and Warriner (Chester, UK), Millipore (Bedford, MA), respectively. All other chemicals used were of analytical grade and obtained from Sigma Chemical Company, Dorset, UK.
Animal model
The rabbit tibialis anterior muscle represents a predominantly fast-twitching muscle that is composed of four defined fibre types (I, IIC, IIA and IIB) [48] . Conditioning of the left hind limb of adult male New Zealand white rabbits was achieved through chronic tele-stimulation of the peroneal nerve [38] . Low frequency stimulation was performed at 10 Hz for 14 or 60 days (n = 3) in the Animal Facility of the University of Konstanz (Germany) under the direction of Dr. Dirk Pette (Professor Emeritus of Biology). The Irish Higher Education Authority and the Deutscher Akademischer Austauschdienst generously supported laboratory visits to Germany by the Maynooth team. Whole muscle specimens were dissected from the stimulated left hind limb and the unstimulated right hind limb and then quick-frozen in liquid nitrogen. Muscle samples were stored at 2807C and shipped on dry ice prior to proteomics analysis.
Sample preparation
Skeletal muscle tissue (,250 mg) was ground into a fine powder using liquid nitrogen and immediately added to 1 mL of DIGE-compatible lysis buffer (9.5 M Urea, 2% w/v CHAPS, 20 mM Tris, pH 8.0-8.5) and incubated at room temperature for 1 h. In order to maximize protein yields, protein samples were sonicated on ice for 3610 s bursts [26] . Following centrifugation at 14 0006g av for 30 min, protein fractions were collected, aliquoted and stored at 2807C until further use. All preparative steps were performed at 0-47C in the presence of a protease inhibitor cocktail [26, 35] to prevent excess proteolytic degradation. Protein concentration was determined using the Bradford dye binding assay [49] .
DIGE labelling
Minimal CyDye labelling (GE Healthcare) was performed at a ratio of 25 mg of protein/200 rmol of CyDye for 2-DE. Labelled samples were incubated on ice for 30 min in the dark. The labelling reaction was terminated by the addition of 10 mM lysine. After a brief centrifugal spin, samples were incubated on ice in the dark for 10 min [26] . Labelled protein fractions were utilized immediately for further analysis or otherwise stored at 2207C. Protein samples were combined with an equal volume of 26lysis buffer (9.5 M urea, 2% w/v CHAPS, 2% w/v DTT and 1.6% w/v Pharmalyte pH 3-10) followed by in-gel rehydration overnight prior to IEF [26] .
2-DE
Skeletal muscle extracts were diluted in rehydration solution (8 M urea, 0.5% w/v CHAPS, 0.2% w/v DTT and 0.2% w/v Pharmalyte pH 3-10) and applied to 24 cm IPG strips (pH 3-10, nonlinear (NL), GE Healthcare). Strips were rehydrated overnight at room temperature using an in-gel rehydration method [50] . The sample was then subjected to IEF at 0.05 mA/IPG strip for 72 000 Vh at 207C. The strips were equilibrated in 6 M urea, containing 30% v/v glycerol, 2% w/v SDS, 0.05 M Tris-HCl, pH 8.8 and 0.01% w/v bromophenol blue with the addition of 1% w/v DTT for 15 min. Subsequently, the strips were equilibrated in the same buffer without DTT but with the addition of 4.8% w/v iodoacetamide for 15 min [51] . The second dimension was carried out overnight using a Protean Plus Dodeca Cell system (BioRad Laboratories, Hemel Hempstead, Herts, UK) at 1 W/gel at 157C and was terminated when the dye front had just migrated off the lower end of the gels. A total of 12 gels were analysed with six DIGE gels representing the 0-14d and six gels the 0-60d changes. Gels were subsequently scanned using a Typhoon variable mode imager 9400 (GE Healthcare), with a standard pixel volume of 40 000-60 000 for all scans.
Expression analysis
Following chronic low-frequency stimulation, expression changes in muscle proteins were determined by the protein expression analysis software programme Progenesis (Nonlinear Dynamics, Newcastle upon Tyne, UK). Prior to analysis, individual gels were warped to a single master gel. Since warping aligns protein spots on all analysed gels, this procedure facilitated spot-matching in downstream analysis. Gels imported into Progenesis were matched and normalized with nonspots filtered out on the basis of normalized spot volume. Prior to ANOVA testing (p,0.01), same spot analysis (SSA) was used across all gels. SSA confers the same spot outline to corresponding spots in all gels in the series, eliminating experimental variation between spots. Proteins found to be significant were picked for tryptic digestion from Plus-One silver-stained micropreparative gels.
MS analysis
Tryptic digests were separated and analysed using a C-18 RPcolumn (Unitech, Dublin, Ireland) nano-LC system from Proxeon Biosystems (Odense, Denmark) connected directly to an LTQ Linear IT Mass spectrometer (Thermo Finnegan, Hemel Hempstead, Herts, UK). The samples were eluted from the C18 precolumn (Proxeon) by an increasing MeCN gradient (0-90%). Generated mass spectra were searched against the UNIPROT database (release 7.6) and data col- 
Validation
Validation of selected proteins identified by MS/MS analysis was carried out by 1-D immunoblot analysis, as previously described in detail [52] . The electrophoretic transfer of proteins to NC membranes was performed by the method of Towbin et al. [53] . Primary antibodies to the fast and slow MHC, the fast and slow sarcoplasmic reticulum Ca 21 -ATPase, cofilin-2, aB-crystallin, the cardiac fatty acid binding-protein FABP-3 and transgelin were used to determine stimulation-induced changes in the abundance and/or isoform expression patterns of key muscle proteins.
Results
Severely altered protein expression pattern in chronic low-frequency stimulated tibialis anterior muscle
The comparative gel electrophoretic analysis of unstimulated versus 14-and 60-day electrostimulated fast muscles revealed a drastic change in the 2-D protein separation pattern of crude tissue extracts following fibre conditioning. The 2-D spot pattern of silver-stained gels was shown to be very comparable to published studies on the position of 2-D landmark species, such as contractile proteins [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , but the stimulated specimens differed considerably to the untreated control (Figs. 1A, C and E). Building on the recent successful identification of novel biomarkers for X-linked muscular dystrophy by DIGE analysis [26] , we have here applied the same fluorescent technology to the comprehensive screen- , and unstimulated versus 60-day conditioned fast muscle (F; 60d-CLFS). IEF has been carried out on 24 cm pH 3-10 IPG strips in the first dimension and standard 12% polyarcylamide slab gels in the second dimension. The pH-values of the first dimension gel system and molecular mass standards (in kDa) of the second dimension are indicated on the top and on the left of the panels, respectively. See Figs. 2 and 4 for enlarged images of individual marker proteins with a changed abundance following chronic low-frequency stimulation, and Table 1 for a detailed listing of skeletal muscle proteins with a stimulation-induced change in their abundance as judged by DIGE analysis.
ing of chronic low-frequency stimulated fast muscle. Although 2-D gels do not represent the entire muscle protein complement, gel electrophoretic techniques are indispensable tools for the biochemical profiling of complex proteomes [54] , especially in conjunction with modern MS methods [55] . The differential fluorescent tagging of individual sets of proteins and separation within the same gel electrophoretic system [56] [57] [58] has greatly reduced gel-to-gel variation, and this advantage over other comparative proteomic approaches was exploited in this investigation of the muscle transformation process. As illustrated in Figs. 1D and F, the overlay images of the CyDye fluors Cy2, Cy3 and Cy5, representing the pooled standard, the unstimulated control sample and the 14-or 60-day electrostimulated specimens, respectively, clearly demonstrated large changes in the expression pattern of the conditioned fast skeletal muscle proteome. Since the SSA approach used in the Progenesis 2-D software analysis package imparts the same spot outline between corresponding spots in all investigated gels, the SSA system was employed. Figure 1B shows the image of the overlay of DIGE-labelled muscle extracts following 0, 14 and 60 day stimulation, including the pattern of marked protein spots. Out of an original population of over 2700 2-D spots, 985 protein spots were chosen for SSA handling after filtering and spot editing. Proteins of interest, which had been highlighted by expression analysis, were picked from preparative gels for downstream analysis by ESI-MS/ MS.
Confirmation of fast-to-slow muscle transition by contractile marker analysis
In parallel to the in-depth analysis of the differential protein expression profile of stimulated fast muscles using the DIGE technique, a successful skeletal muscle transformation was confirmed by the evaluation of key contractile protein isoforms. It is well established that the various light and heavy chains of myosin undergo a stepwise replacement from fast to slow isoforms during fibre type shifting [41, 42] , which has also been shown to occur in the case of regulatory elements of the contractile apparatus, such as the individual subunits of troponin [4] . The expanded views of 2-D landmark spots shown in Fig. 2 clearly demonstrated that the continuous telestimulation of the peroneal nerve at a frequency of 10 Hz has induced a fast-to-slow transition process. While a fast-twitch marker protein, such as the fast isoform of Troponin-I, exhibited a drastic reduction following electrostimulation ( Fig. 2A) , the expression of the slow isoform of Troponin-T was dramatically increased (Fig. 2B) . The gradual replacement of fast with slow isoforms was also clearly documented by distinct alterations in the 2-D spot cluster that represents myosin light chains. The four isoforms of interest are individually labelled in Fig. 2C and clearly illustrated the gradual fast-to-slow transition process on the molecular level. 
Identification of protein species with a changed expression pattern in stimulated fast muscle
Taking these above described isoform switching of troponin and myosin light chain as standards for the dynamic process of fibre transformation, we then determined the overall changes in the accessible fast muscle proteome after 2 and 8.5 wk of conditioning. Figure 3 illustrates the master 2-D reference gel of chronic low-frequency stimulated fast muscle. Shown is a silver-stained gel of 60-day stimulated fast muscle. Muscle proteins with a drastically different expression level, as determined by fluorescent DIGE analysis (Figs. 1D and F) , are marked by circles and are listed in Table 1 . Following chronic electrostimulation, a differential expression pattern was observed for 41 protein species with 29 increased and 12 decreased muscle proteins. Identified classes of proteins that change during the fast-to-slow transition process belong to the contractile machinery, ion homeostasis, vascularization, metabolism and stress. Increased protein species include the oxygen transporters hemoglobin and myoglobin, slow-twitch isoforms of contractile elements such as myosin light chain, MHC, actin, troponin I and troponin T, the fatty acid transporters albumin and FABP-3, mitochondrial proteins including Cytochrome-c oxidase, NADH-ubiquinone oxidoreductase, F1 complex ATP synthase, proteolysis-inducing factor, pyruvate dehydrogenase, ES1 protein homologue and electron-transferring flavoprotein, stress proteins such as HSP-27, a-crystallin-related HSP-B6, aB-crystalline and HSP-10, the anion-channel VDAC-1, the enzymes pyruvate kinase and superoxide dismutase, as well as ankyrin, cofilin-2 and transgelin. The fold-change in transgelin expression could not be determined due to an obstructing troponin-containing spot in 0-and 14-day stimulated samples (not shown). However, a distinct 2-D spot representing transgelin was identified in 60-day stimulated specimens. See below for the immunoblot analysis of transgelin in transforming fibres. In contrast to the large number of increased muscle protein species following chronic electrostimulation, a reduced expression was shown for fast isoforms of the MHC and myosin light chain, the enzyme aldose reductase and the cytosolic malate dehydrogenase, the cytosolic Ca
21
-binding protein parvalbumin, histone-4, the binding protein of the glycerophospholipid phosphotidylethanolamine, and key glycolytic enzymes such as aldolase, triosephosphate isomerase, phosphoglycerate kinase and glycerol-3-phosphate dehydrogenase.
Proteins of interest, that had been identified by DIGE analysis to exhibit a significant change in their expression following chronic low-frequency stimulation, were picked from preparative silver-stained 2-D gels and subsequently identified by ESI-MS/MS. Figure 4 shows a representative overview of transformation biomarkers with expanded views Figure 3 . Master 2-D reference gel of chronic low-frequency stimulated fast muscle. Shown is a silver-stained 2-D gel of 60-day stimulated fast muscle. IEF has been carried out on 24 cm pH 3-10 IPG strips in the first dimension and standard 12% polyarcylamide slab gels in the second dimension. The pH-values of the first dimension gel system and molecular mass standards (in kDa) of the second dimension are indicated on the top and on the left of the panels, respectively. Muscle proteins with a drastically different expression level, as determined by fluorescent DIGE analysis (Fig. 1) , are marked by circles and are numbered 1-41. See Table 1 for a detailed listing of skeletal muscle proteins with a changed abundance in chronic low-frequency stimulated fast muscle.
of the 2-D spot pattern of specific muscle proteins. Changes in individual 2-D spots demonstrated the differential effect of chronic electrostimulation on the various classes of muscle proteins. The observed drastic increase of the slow MHC isoform at 14 and 60 days of stimulation (Fig. 4A ) was in stark contrast to the transient increase in the cytosolic Ca 21 -binding protein parvalbumin and the oxygen-carrier myoglobin after 2 wk of stimulation followed by a decrease at day 60 of muscle conditioning (Figs. 4B and C) . A continuous increase in the abundance of haemoglobin, the cardiac fatty acid binding protein FABP-3, Cytochrome c, the heat shock proteins aB-crystallin and HSP-b6, and the actin binding protein cofilin-2 were revealed by DIGE analysis (Figs. 4D-I ). Since the relatively low-abundance protein cofilin-2 had not previously been implicated to play a role in muscle transformation, this protein may represent potentially a new biomarker of the fast-to-slow transition process. This finding clearly demonstrates the superior sensitivity of DIGE analysis as compared to conventional proteomic approaches employing silver or commassie staining. Representative 2-D spots of transgelin, another newly identified potential biomarker of fibre shifting, are not shown due to the fact that this protein spot was covered in electrophoretically separated 0-and 14-day stimulated samples by a 2-D spot representing fast troponin. It was therefore not possible to determine the exact degree of transgelin increase following chronic low-frequency stimulation, but the protein was clearly identified in 60-day stimulated fibres. In order to determine the fate of transgelin during the fast-toslow transition process, immunoblotting was employed as described below.
Immunoblot analysis of fast-to-slow transition process following chronic electrostimulation
To confirm the results from our DIGE analysis, changes in the abundance of potential new biomarkers of muscle transformation were investigated by immunoblot analysis. A select group of proteins, which were reliably recognized by antibody labelling, were studied in 0-, 14-, and 60-day chronic electrostimulated specimens. To demonstrate a successful fast-to-slow transition, and in order to provide internal standards of established alterations in known muscle proteins [4] , the immunodecoration of the fast and slow isoforms of the sarcoplasmic reticulum Ca
21
-ATPase and the MHC were carried out. As illustrated in Figs. 5A-D, a drastic increase in the slow isoforms SERCA2 and MHC s were observed and a concomitant decreased abundance of their fast counterparts, SERCA1 and MHC f . Although antibodies to fast MHC do not differentiate between the various isoforms of this contractile protein, the gradual replacement of MHCs from the MHCII isoforms to MHCI has previously been demonstrated by detailed gel electrophoretic analyses as reviewed by Pette et al. [4, 48] . Thus, the immunoblotting survey shown here confirmed the previously described alterations in Ca 21 -uptake units of the sarcoplasmic reticulum during muscle conditioning and the modified myosin isoform expression pattern in fibres with slower switch characteristics, and thereby the usefulness of employing 1-D immunoblotting to determine changes in the expression of muscle marker proteins. The visualization of antibody binding by ECL revealed a drastic increase in DIGE-determined biomarkers of fibre type shifting, such as the muscle-specific cofilin-2 protein, the heat shock protein aB-crystallin, transgelin and the cardiac fatty acid binding-protein FABP-3 (Figs. 5E-H) . The immunoblot analysis clearly agreed with the results from the DIGE screening of the muscle transition process. It confirmed the dramatic increase in the expression of new markers of the fast-to-slow transformation process, such as cofilin-2 and transgelin, which had not previously been described by conventional biochemical studies.
Discussion
Fibre type shifting plays an important role during development, mature muscle adaptation processes, ageing and many neuromuscular diseases [1] [2] [3] [4] . It is therefore essential to identify reliable skeletal muscle protein markers of fast-toslow muscle transformation, which might be helpful in establishing new molecular indicators of physiological and pathological fibre alterations. Building on previously established 2D skeletal muscle reference maps [10, 11] , we carried out a comprehensive proteomic profiling of the chronic lowfrequency stimulated rabbit tibialis anterior muscle and determined changes in the expression pattern of key muscle protein species. DIGE analysis and ESI-MS/MS for protein identification and immunoblotting clearly confirmed established changes in representative protein species from distinct functional muscle protein groupings, and uncovered interesting new transformation biomarkers. This included a drastic stimulation-induced increase in the abundance of the actin binding protein cofilin-2 and the cytoskeletal protein transgelin. Thus, besides confirming the findings from numerous physiological and biochemical studies on muscle conditioning over the past decades [2, 4, 41] and extending the preliminary results from a nonfluorescent proteomics study [35] , this report clearly shows the usefulness of employing high-resolution 2-DE and ESI-MS/MS for identifying new skeletal muscle biomarkers.
Changes in nutritional supply, fluctuations in hormonal factors, alterations in neuromuscular activity and modifications in mechanical loading conditions may all affect skeletal muscle plasticity [4] . Consequently, resistance training, endurance training, muscle immobilization and zero-gravity conditions may trigger distinct adjustments in the skeletal muscle proteome [1, 3, 59] . In addition, fibre type shifting or major alterations in muscle isoform expression levels also occur in various pathophysiological situations, such as traumatic denervation, disuse atrophy and sarcopenia of old age [60] [61] [62] . The DIGE analysis presented here supports the idea that the fast-to-slow transition process includes distinct changes in the muscle protein complement that is involved in the contractile machinery, ion homeostasis, excitationcontraction coupling, capillarization, metabolism, stress response and cytoskeletal support. The observed alterations in the expression of cofilin-2, transgelin, hemoglobin, cardiac fatty acid binding protein FABP-3, albumin, aB-crystallin, HSP-27 and myoglobin are especially interesting findings for a better understanding of the transformation process. A chronic increase in contractile activity and a shift to oxidative muscle metabolism would require a higher demand in oxygen and fuel supply in the form of fatty acids. Consequently the drastic increase in the oxygen-transporter myoglobin, the intracellular fatty acid binding protein FABP-3 and the extracellular fatty acid transporter albumin strongly indicates that these three central metabolic regulators could function as limiting factors of oxidative metabolism in fast fibres [40, 63] . The findings from our DIGE analysis clearly establish the small cytosolic FABP-3 protein as a suitable biomarker of muscle fibre type shifting. It is, however, difficult to make proper conclusions about the changed levels in the blood protein hemoglobin, which increased concentration might be due to varying amounts of this oxygen carrier being trapped in muscle tissue.
In agreement with the stimulation-induced change in the contractile apparatus towards slower isoforms, the decrease in glycolytic proteins and the increase in mitochondrial enzymes, an increase in markers of capillarization could be expected [64] . This report shows for the first time that the cytoskeletal protein transgelin [65] exists in longterm stimulated skeletal muscles. Transgelin, also referred to as SM22a [66] , has been localized to vascular smooth muscle cells throughout the arterial and venous system. It has been described in visceral smooth muscle cells in various organs and the heart, but as being absent from mature skeletal muscle [66] . The electrostimulation-dependent induction revealed by DIGE analysis suggests transgelin as another excellent biomarker of fast-to-slow fibre transition. The same is true for the actin binding protein cofilin-2, which plays a critical role in actin filament dynamics [67] . The muscle-specific cofilin isoform is believed to be important for the growth of myofibrils in developing and regenerating muscle cells [68, 69] . In analogy, cofilin-2 up-regulation in transforming fibres could also be a response to remodeling of the contractile apparatus towards slower twitch properties.
Interestingly, during muscle transformation, identifiable heat shock proteins were found to be exclusively increased in their abundance, indicating that fibre modifications probably depend heavily on chaperone function. As previously discussed by Neufer and Benjamin [70] , aB-crystallin expression may be directly regulated by the demand for oxidative metabolism. Besides aB-crystallin, also its ancestral-related heat shock protein HSP-27 and chaperonin-10 were increased following chronic low-frequency stimulation. Previous studies by Maier et al. [71] have shown that degeneration-regeneration cycle occur during stimulation-induced changes. Besides transdifferentiation from fast to slow fibres, other processes seem to occur in parallel such as the degradation of the fastest glycolytic fibre population and the activation of the satellite cell pool for the creation of new fibres with slower twitch characteristics. In contrast to the fast-to-slow transformation mechanism, in severe muscle degeneration, as occurs in X-linked muscular dystrophy, there appears to be a differential expression pattern of key chaperones. A recent MS-based proteomics and immunoblotting survey revealed that HSP-20, GRP-75 and HSP-90 are reduced in dystrophin-deficient fibres. On the other hand, cvHSP and HSP110 were drastically increased in their expression in dystrophinopathy [26] . This suggests aB-crystallin as another suitable biomarker of fibre type shifting.
In conclusion, the proteomic profiling of the fast-to-slow fibre transition process reported here has clearly shown that skeletal muscles represent a tissue type with an extremely high degree of plasticity that can swiftly adapt to changed functional demands on the protein expression level. The previous generation of a detailed 2-D protein map of the soluble gastrocnemius proteome versus its soleus counterpart by Gelfi et al. [17] has established a high density of MLC-1f, fast troponin I, glycolytic enzymes, creatine kinase and adenylate kinase in gastrocnemius muscle and MLC1s, slow troponin C, myoglobin and carbonic anhydrase 3 as slow-twitch markers present at high concentration in soleus fibres. In analogy, the DIGE analysis presented here demonstrated that the transformed tibialis anterior muscle exhibited high levels of MLC1s, MHCs, slow troponin I, myoglobin and low levels of MLC1f, fast troponin I and glycolytic enzymes. Hence, the conditioned fast muscle protein complement resembles that of a slow-twitching soleus muscle. This study has clearly established a more comprehensive picture of the overall fiber transition process than has been previously reported [4] . Modern proteomics technology presents itself as an ideal biochemical tool for the study of complex biological systems and processes, such as the finely tuned physiological adaptation of skeletal muscles following chronic low-frequency stimulation.
